T h e rupture process of the Ito-Oki, Japan, earthquake ( M , 5.5) of 1989 July 9 was studied in detail by waveform inversion, and the relation between this earthquake and the July 13 volcanic eruption o n the Teishi Knoll near the epicentre was discussed. We used strong motion seismograms recorded a t near-field stations operated by the Earthquake Research Institute and the Japan Meteorological Agency. T h e inversion method for estimating spatial a n d temporal slip distribution is essentially the same as that of Yoshida 62 Koketsu (1990) . T h e estimated fault model showed that large slip occurred in the epicentral area extending eastward for about 1 k m at a depth of 5 km. W e calculated the volumetric strain change d u e t o the estimated slip and found that a remarkable pressure drop occurred just under the Teishi Knoll. A model of volcanic eruption by Ida (1990) suggests that such a pressure drop in a magma reservoir causes vesiculation of dissolved volatiles in the magma and leads to magma ascent toward a surface eruption. W e attempted to quantitatively explain the process of the Teishi Knoll eruption in terms of Ida's model considering the Ito-Oki earthquake t o be a trigger of the eruption.
INTRODUCTION
The Izu Peninsula and its vicinity have experienced high levels of seismic swarms and volcanic eruptions since the 1974 Izu-Hanto-Oki earthquake of Japan Meteorological Agency (JMA) magnitude (MJ) 6.9. Besides microearthquake swarm activities, relatively large earthquakes have occurred, such as the 1978 Izu-Oshima-Kinkai earthquake (M,7.0) and the 1980 Izu-Hanto-Toho-Oki earthquake (M,6.7). In addition, this region had volcanic activity with the major eruptions of Miyakejima Volcano in 1983 and Izu-Oshima Volcano in 1986. Recently, a swarm started on 1989 June 30 in the region north of the previous activity and subsequently the Ito-Oki earthquake (MJ5.5) occurred on July 9. Four days after this earthquake, an eruption from a submarine volcano occurred on Teishi Knoll, which is located near the epicentre. There may be some physical relation between the earthquake and the eruption. This paper studies the detailed rupture process of the 1989 Ito-Oki earthquake and proposes that the magma ascent was triggered by the earthquake on the basis of Ida's (1990) model.
The Strong Earthquake Motion Observation Center of the Earthquake Research Institute (ERI) has operated a strong-motion accelerograph array, including temporary stations in the Izu Peninsula region to observe the swarm, and successfully recorded high-quality seismograms from the 1989 Ito-Oki earthquake. We invert these data and also seismograms at some JMA stations to estimate the spatial and temporal slip distribution on a fault plane.
D A T A A N D RELOCATION OF THE HYPOCENTRE
We used the data observed at ERI and JMA stations whose locations are shown in Fig. 1 . Valuable strong motion seismograms from the 1989 Ito-Oki earthquake were digitally recorded under favourable observation conditions. In particular, the two temporary stations, IT0 and SOF, operated by ERI provided significant data within an epicentral distance of 4 km. From the P arrival times at the seven stations in Fig. 1 , we determined the hypocentre assuming the velocity structure in the Izu Peninsula region obtained by Yoshii, Kudo & Sakaue (1989) The estimated hypocentre was N34'59.64' f 0.17', E13Y6.66' f 0.40', depth 4.0 f 0.9 km, which is indicated in Fig. 1 by a solid circle. The relocated hypocentre was close to the determination (N34O59.5' f 0.4', E139O6.7' f 0.6', depth 3 f 2 km) by JMA. Our estimation errors were smaller because of the five ERI stations near the hypocentre which were not used in the JMA solution. The epicentre located by Fukuyama, Kinoshita & Yamamizu (1991) , who used a different data set, was more than 1 km west of our estimation. Their estimation contradicts our observation that the P arrival times at I T 0 and SOF were almost the same. (The P phase arrived at IT0 0.05s later than at SOF.) Therefore our estimation or the JMA solution would be more acceptable. Gariel, Irikura & Kudo (1992) obtained a similar result to ours.
INVERSION METHOD
The inversion method is essentially the same as Yoshida & Koketsu (1990), except that they included geodetic data whereas we invert only the strong motion records. We divide a fault plane, with strike parallel to the x-direction, into M X N subfaults with length Ax and width A y . Letting x, = m Ax and yn = n Ay, the mn-subfault is defined as the region x, -Ax12 s x S x , + A x / 2 , yn -A y / 2 c y s y , , + Ay/2. W e approximate each subfault by a point dislocation source placed at the centre, with a time function which is assumed to be a ramp function with a rise time of 0.5 s. The model parameters to be estimated by the inversion are the two components X,, and Ymn of the slip vector and the rupture time T,,, at the mn-subfault. Letting A" be the initial guess of the slip angle, we define X,, as the slip component in the direction of A ' ' -n/4, and Y,, as that for A" + n/4.
By introducing positivity constraints on X,,, and Ym,z, we confine the variation of the slip angle within A" k nI4. Assuming strike = N274"E, dip = 79", and A" = -167", which were determined by JMA, we place a fault plane of 7 km length and 6 km width as shown in Fig. 1 , and divide it into 42 subfaults of 1 km x 1 km. We determine the model parameters from the velocity seismograms, which are obtained by numerically integrating the original accelerogram records. Letting k = 1, 2, and 3 be down-up, west-east, and north-south components, respectively, we calculate the synthetic velocity waveforms at the stations x, from the model as ~k ( t r , XI) = A , C X m n f m n k ( t r -~m n ,
(1) mn where fmnk(t) is the kth component of the elementary wave radiated from the mn-subfault with unit slip in the direction of A ' -n/4, and gmnk is that of A'' + 1614. We calculate the Green's functions, fmnk and gmnkr based on the reflectivity method extended by Kohketsu (1985) . The assumed velocity structure is almost the same as the model of Yoshii, Kudo & Sakaue (1989), but the S-wave velocities for ITO, SOF, and AJR are slightly modified as shown in Table 1 because the residual of the S-P times for the original structure are larger than 0.2 s. The factor A,, which was not used in Yoshida & Koketsu (1990) , is introduced to correct the siteamplification effect just beneath the station because the Izu Peninsula region has high degree of heterogeneity. The value of A, is determined by the inversion under the condition of 1 = CA,JJ where I is the number of the stations. A seismic moment of the inversion solution will give the same result we would obtain if we took the average of the moment estimated from the amplitude at each station.
It is well known that if we estimate the rupture process only from waveform data, the solution would be unstable; small variations in the data may produce large changes in the solution. To suppress this instability, we impose some constraints. First we introduce the smoothing constraints on the slip and rupture times:
where e is the Gaussian error, V2 is the discrete Laplacian operator defined as
and T 2 n is the initial guess of the rupture time, V, is an average rupture velocity, assumed to be 2.5 krn s-', which was chosen by preliminary inversions. Second, positivity constraints on X,,,, and y,,, are introduced. By choosing a function of X that increases infinitely as X -0 , such as 1 / a , we write this constraint in the same form as the observational equation where X" and p' are the initial guesses of slip components.
Finally, we impose a constraint on the slip angle so that the slip angle should not be far from the initial guess A'): 0 = X t , , , , I W , , , + y:,,, -L n l d~: n , ,
This constraint means that cosines of the slip angle measured from A" -n / 4 and A" + n / 4 are almost equal to each other. From the observed data F"(ti, x,) and the constraints, we determine the model parameters that minimize the sum of squared residuals, S , given by rnn mn ,nn
We seek the least-squares solution by an iterative procedure carried out until the magnitude of the correction vector for the model becomes sufficiently small. The smoothness of the solution depends on p values. We make p as large as possible without degrading the fit to the data. By preliminary inversions, we chose PI, = 2, P.,. = 2, and ps = 1.
We assumed u, to be 10 per cent of the maximum amplitude for each station and up, which does not strongly affect the solution, to be unity.
RUPTURE PROCESS OF THE 1989 ITO-OK1 EARTHQUAKE
We investigated the 1989 July 9, Ito-Oki earthquake of M,S.S by inverting three-component seismograms at the six stations. We did not use the data at station YGS because the signal at this station was very weak. We integrated the original acceleration records to obtain the velocity ground motion and resampled the data at 0.1 s intervals after low-pass filtering below S H z using a subroutine program written by Satio (1978) . The 'observed data' are shown in Fig. 2 agreement with the estimations of 0.8 x 10' " m by Dziewonski et al. (1990) and 1.6 X 1017Nm by Takeo (1992) . It was found that large slip ( 2 4 0 c m ) was concentrated in the epicentral area, which extended eastward for about 1 km at a depth of 5 km, and the shallow portion of the fault plane had little slip. We did not find any remarkable evidence for irregular rupture propagation. Fig.  2 shows a comparison between the synthetic seismograms from the solution and the observed data. The fit of the west-east component, which has in general higher amplitude than the other components, is very good, whereas some mismatch remains in the north-south component. This may be because the real structure is more complex than the assumed structure so that the observed data include unmodelled phases. In Fig. 4 , contours show the estimated slip magnitude projected onto the horizontal surface, and a star symbol indicates the Teishi Knoll where a submarine volcanic eruption occurred four days after the earthquake. The Teishi Knoll is located near the edge of the high slip area, suggesting that this earthquake caused a stress change around the magma reservoir.
To examine this effect quantitatively, we computed the volumetric strain change due to the estimated slip following Iwasaki & Sat0 (1979) Because the inversion solution depends on some given parameters in the initial model or the crustal structure, we have calculated volumetric strain for other models obtained for different assumptions on these parameters and summarized the results in Table 2 . Model 1 is the solution we have already shown in Fig. 3 . As stated before, when we obtained model 1 we slighly modified the velocity structure for three stations to match the observed S -P times as denoted in Table 1 . To examine how this affected the results, we carried out inversion without modification for all the stations and obtained model 2 . The volumetric strain under the Teishi Knoll calculated for this model was also positive and on the order of lo-'. Our hypocentre determination had uncertainties of f0.7 km (0.4') in the east-west direction. Models 3 and 4 are the results when fault was placed 0.7 km east and west of model 1, respectively. Models 5, 6 and 7 are the solutions for rupture velocities in (4) of 1.5, 2.0, and 3.0 km s-I, respectively, and model 8 is the solution for a rise time of 1.0s. Model 9 was obtained when inverting the data resampled at 0.2 s intervals after low-pass filtering below 2.5Hz. From the slip distributions in these solutions, we found that the detailed pattern of slip was sensitive to these assumed parameters; for example, the minor slip peak at x = 1 km, depth = 2 km in Fig. 3(a) was not seen in the other solutions. However, all the solutions had large slip in the epicentral area extending from x = 0 km (in a few cases, from x = -1 km) to x = 1 km at a depth of 4 o r 5 km. The volumetric strains beneath the Teishi Knoll calculated for all the solutions were dilatational while the magnitude and the depth at which major expansion occurred depended on models as denoted in Table 2 . Ida (1990) proposed a model of magma ascent toward a surface eruption. In this model, when the pressure of the magma in a reservoir is reduced for some reason, the vesiculation of volatile components makes froth in the magma so that the bulk magma density becomes lower than the surrounding crustal density and then ascent of magma is started. Our inversion result shows that the Ito-Oki earthquake removed some compressive stress in the region beneath the Teishi Knoll where the volcanic eruption occurred four days later. This suggests that the relation of this earthquake and the eruption can be explained in terms of Ida's model. We first briefly outline his model. When magma stands in a magma reservoir under a gravitationally stable condition, it would be saturated with volatile components such as H,O. If the magma pressure is reduced for some reason, the vesiculation of volatile components makes froth in the magma so that the apparent magma density p is reduced.
TRIGGER OF VOLCANIC ERUPTION
Assuming that the solubility of the volatile component follows Henry's law and that bubbles change their volume like an ideal gas, the density as a function of pressure p is expressed as
where p, is the magma density free from froth, po is the pressure before vesiculation occurs, and fi is a nondimensional constant which is about 0.5 for basaltic magma. If the pressure drop is large enough to cause the magma density to be lower than the crustal density p5, the magma is subject to a buoyancy force g(p5 -p ) where g is the gravity acceleration. The gravitational instability leads to an accelerated ascent of magma. Here suppose that a magma-filled crack moves toward the surface. Weertman (1971) showed that the magma-filled crack can break open immediately ahead of its upper tip owing to a large tensile stress and the rupture velocity is close to the Rayleigh wave velocity; however, the magma in the crack can never gain enough kinematic energy to move so quickly because of the viscosity. The velocity at which the magma-filled crack can ascend is therefore controlled by that at which the magma can move. Ida (1990) assumed that the ascent velocity v must satisfy the following equation as a first order of approximation:
Here r] is the viscosity of the magma and D is the characteristic length of the crack (proportional to the opening displacement) expressed by D = D,(p,/p)" with rn = 112, where Do is the initial value at the start of ascent. From the above equations, dpldt for the ascending magma is obtained as where t is a characteristic time defined by Now we consider the process of magma ascent for the 1989 Teishi Knoll submarine eruption. The Hydrographic Department of Japan carried out a bathymetric survey around this region on July 9 and 13, and reported that the knoll, which did not exist just after the July 9 earthquake, was 25 m high just before the eruption of July 13 (Oshima et al. 1991) . They inferred that the knoll (named Teishi Knoll later) was formed from July 11 to 12 due to magma injection near the surface. From observation of volcanoclastic materials, Ono et al. (1990) concluded that basaltic magma had reached near the surface one or two days before the eruption of July 13. Kudo et al. (1991) studied volcanic tremors recorded on July 11 by strong motion accelerographs and inferred that small-scale volcanic explosions occurred on July 11 although no surface evidence was reported. If the July 9 earthquake was the trigger of magma ascent, these studies suggest that it took about 50 hours for the magma to migrate to the surface.
We assume that the magma with density p, approximately equal to p, had been saturated with volatile component just before the July 9 earthquake and this earthquake reduced the pressure by 0.5 per cent. Under the initial condition that p = 0.995 pO at t = 0, we numerically solved equations (8) and (10) setting P = O . 5 and obtained pressure as a function of time as shown by the solid line in Fig. 6 . Since the pressure is approximately proportional to the depth, the line also corresponds to the elevated magma level. This result indicates that it takes about 17t for the magma to reach the surface. If our hypothesis of the trigger is true, from 17t = 1.8 x 10's (= 50 hours) and ( l l ) , the following relation is required to be satisfied: r] = D X x 10' Pas, where we set g = 9.8 m sC2, p, = p, = 2.5 x lo3 kg m-3, p0 = 1.2 x lo8 Pa. If we assume Do = lo-' -1 m, we obtain r] = lo3 -lo5 Pa s. This estimate is reasonable for the viscosity of basaltic magma in the Izu region (e.g., Minakami 1951; Ishihara, Iguchi & Kamo 1988 ). Therefore we can interpret that the July 9 earthquake was a trigger of the magma ascent leading to the submarine volcanic eruption on July 13.
Our estimation of 0.5 per cent of the pressure drop gives a lower limit because we used the smoothing constraint when inverting the data and ignored effects of the microearthquake swarm of which activity was very high from July 4 to July 9. However the process of magma ascent discussed above is not very sensitive to the magnitude of the initial pressure drop. The broken line in Fig. 6 shows the pressure change for an initial pressure drop of 5 per cent, which is 10 times larger than that of the solid line. It is found that the time required to ascend is only reduced by a factor of 112.
Although we have considered that magma-filled crack moves towards the surface, another possibility is that a magma body ascends with viscous resistance. As the crustal rock in contact with the magma has very high temperature, plastic deformation will easily evolve with microfractures. Under such a condition, we may be able to treat the crust as a viscous material. Ida (1990) also solved the problem for this migration mode and obtained a similar expression except that q means the viscosity of the surrounding crust, m = 1/3 in (lo), and D is the characteristic length of the magma body. We made calculations for this mode and obtained pressure as a function of time as shown by the dotted line in Fig. 6 . It can be seen that the magma ascent time is about 18t, therefore (12) is satisfied in this case as well. If we assume D,, = 10-102m, we obtain q = 10'-10' Pas. Until we confirm through experimental research whether the crustal rock in a similar situation behaves as a viscous material with such a viscosity, our interpretation in this paragraph must remain speculative.
DISCUSSION
A model often adopted for the relation between volcanic eruptions and crustal strain changes is based on the idea that compressional stress around magma reservoirs squeezes up the magma and finally results in a volcanic eruption (e.g., Shimozuru & Nakagawa 1969; Nakamura 1971 Nakamura , 1975 , implying opposite polarity of volumetric strain for triggering to Ida's (1990 ) model. Kimura & Toyoda (1975 observed level changes of the crater bottom of Izu-Oshima Volcano and inferred that the observed magma rise was caused by increase of the tectonic compressional stress. McNutt & Beavan (1987) found that all the major eruptions of Pavlof Volcano between 1977 and 1984 occurred in the fall and early winter and concluded that compressional strain due to ocean loading triggered the eruptions, as it would be in a toothpaste tube analogy. Yamashina & Nakamura (1978) studied correlations between eruptions of Izu-Oshima Volcano and tectonic earthquakes and also indicated evidence of long-term effects of squeeze-up and drain-back of magma due to volumetric strain. In the short-term response (less than a few weeks), however, they found that two earthquakes with dilatational strain, as well as another two earthquakes with compressional strain, might have triggered eruptions. They suggested that dilatational volumetric strain has a triggering effect through secondary boiling of magma due to sudden release of pressure as pointed out by Nakamura (1975) . The present study corresponds to this case. Ida's (1990) volcanic model does not contradict the observations that compressional stress sometimes triggered eruptions. Ida (1990) states that when a compression of the magma reservoir squeezes up a body of magma, the pressure acting on the magma body is reduced because of shallower depth, and then vesiculation of volatile components would lead to an accelerated ascent of the magma with the same mechanism as described before. Of course, pressure release does not always trigger volcanic eruptions. In order for a small strain change to trigger magma ascent, it is necessary that the magma should be saturated with volatile components and its density before vesiculation should be almost equal to that of the surrounding crust. If these conditions are not satisfied, pressure reduction, on the contrary, would cause drain-back of magma.
The volumetric strain changes with short-term effect on eruptions reported by Yamashina & Nakamura (1978) and those due to ocean loading studied by McNutt & Beavan (1987) are on the order of lo-'. We estimated the volumetric change beneath the Teishi Knoll caused by the Ito-Oki earthquake to be on the order of IO-'. Since the strain change is relatively large, it would be reasonable to consider that there is a correlation between the earthquake and the eruption. The above conditions for triggering might have been satisfied, and the Teishi Knoll Volcano is likely the case to which Ida's model is successfully applied.
